Electrochemical and corrosion behavior of AZ31B magnesium alloy have been investigated using electrochemical methods in a composite solution of MgSO 4 -Mg(NO 3 ) 2 (0.14 mol L À1 MgSO 4 , 1.86 mol L À1 Mg(NO 3 ) 2 ) under different sodium fluoride (NaF) concentrations. The surface of the AZ31B magnesium alloy is characterized using scanning electron microscopy, Fourier transform infrared spectroscopy and X-ray photoelectron spectroscopy. The experimental results indicate that the magnesium electrode achieves a low corrosion rate and high reactivity in the selected composite solution. Furthermore, the effect of NaF on the AZ31B magnesium alloy in the composite electrolyte is investigated in detail and the results demonstrated that the inhibition efficiency increased up to 80% and the delay time was reduced by four times when the NaF concentration reaches 30 mmol L
Introduction
Magnesium (Mg) presents very interesting properties as low electrode potential (À2.37 V vs. standard hydrogen electrode) and high faradic capacity of 2202 mA h g À1 , which indicates that magnesium anodes could deliver a large number of electrons per unit mass. 1, 2 The outstanding characteristics of Mg and its alloys make them attractive in energy storage devices along with their environmental friendliness, easy machining and nontoxicity. 3, 4 However, the intrinsic problems of self-corrosion 5 and negative difference effect (NDE) limit their practical current efficiency in aqueous solutions. [6] [7] [8] [9] These problems have been considered as prime suppression factors for the exploitation of magnesium and its alloys as successful negative electrodes. Another major obstacle for magnesium alloys is delayed action, 10 caused by a hydroxide layer [11] [12] [13] [14] passive lm which is spontaneously formed on the electrode surface in aqueous solution, due to the high chemical and electrochemical activity of Mg alloys. To overcome the above said problems related to Mg alloys, different techniques have been employed such as composite electrolytes and inhibitors. 15 Based on the previous literatures, there are different kinds of magnesium alloys selected as promising candidates for negative electrode for Mg batteries. Song et al. [16] [17] [18] [19] systematic discussed the corrosion behavior and mechanism of AZ Mg alloy in sodium chloride, the various content of aluminum (Al) displayed great difference in electrochemical behavior. The inu-ence of microstructure and composition on the corrosion behavior of Mg-Al alloys in chloride media had been studied by Pardo group. 20 Among earlier studies, the AZ31B Mg alloy with the composition of Al-3 wt% Zn-1 wt% and balance Mg shows relatively lower discharge potential, higher current efficiency, and shorter delayed time compared with AZ21 and AZ61. 21 Consequently, there are many researchers pay attention to the electrochemical behavior of AZ31B alloy as electrode material in energy source. Shi et al. 22 studied the electrochemical behavior of AZ31B magnesium alloy in the electrolyte of MgSO 4 , Mg(ClO 4 ) 2 and Mg(NO 3 ) 2 , respectively. The results demonstrated that AZ31B magnesium alloy obtained excellent corrosion resistive performance and considerable discharge efficiency in Mg(NO 3 ) 2 aqueous solution. Another efficient approach to enhance the electrochemical performance of Mg alloy in aqueous solution is surface engineering, which includes the surface coating by wet process (anodization); plating and chemical conversion. [23] [24] [25] [26] The present work has been undertaken to adopt chemical treatment of Mg alloy which is helpful and simple approach to improve the electrochemical properties of surface lm. In addition, the inhibitor is a useful way to change corrosion process of Mg alloy, specically; a small amount of inhibitor appears to be able to restrain the corrosion rate of Mg alloy in solution. Sodium uoride (NaF) as an effective inhibitor had been widely used in anti-corrosion eld, because of its stronger adsorption than hydroxyl on metal surface. 23, 25 Reviewing the literature, to best our knowledge there are no reports paid attention to realize the importance of NaF on corrosion behavior, anodic efficiency and discharge activity for AZ31B Mg alloy in MgSO 4 -Mg(NO 3 ) 2 composite electrolyte.
This work aim to acquire detailed information about AZ31B Mg alloy in MgSO 4 -Mg(NO 3 ) 2 composite solution electrolyte and further optimized the results with different concentration of NaF. Moreover, establishing the relevant connection of electrochemical behavior with their corrosion lm structure, using conventional electrochemical techniques and surface analysis methods, including Scanning Electron Microscopy (SEM), Fourier Transform Infrared (FT-IR) spectroscopy and Xray Photoelectron Spectroscopy (XPS). The analysis results indicate that the optimization of electrolyte helps to improve the corrosion resistance and discharge activation issue, and therefore accelerating the practical application of Mg alloy materials in batteries elds. 
Experimental

Materials and experimental
Electrochemical measurements
The electrochemical measurements were carried out using CHI660A (USA) electrochemistry workstation. The three electrode system adopted with graphite rod as counter electrode (CE), saturated calomel electrode (SCE) as reference electrode (RE) and tested sample as working electrode (WE The surface morphology of the specimens was characterized by a scanning electron microscopy (SEM) with accelerating voltage of 20 kV. The chemical composition of the corrosion product lms on the electrode formed in the electrolytes were investigated by FT-IR spectrophotometer (Nicolet 550II, USA). XPS (Axis Ultra, Kratos Analytical, Led, Britain) was used for the surface chemical analysis. Initial survey spectrum was obtained with the analyzer pass energy set to 280 eV. The X-ray source and beam size in this case were monochromatic Al Ka radiation (hn ¼ 1486.6 eV) and 100 mm, respectively. value of E act presents an excellent discharge performance of Mg alloy electrode. As illustrates in Fig. 1 , the value of active potential becomes negative rstly and then shis to a positive direction with the increase of MgSO 4 . It is evidently observes that the minimum value of active potential presents at the special solution of MgSO 4 : Mg(NO 3 ) 2 ¼ 7 : 93. The mixture of MgSO 4 has apparently impact on the value of active potential while makes no effect on the polarization resistance, which is benecial to discharge process of Mg alloy.
Results and discussion
27 LSV polarization results demonstrate that the composite solution has comprehensive property of enhance the electrochemical activity for AZ31B Mg alloy.
Open circuit potential (E ocp ) and activation potential (E act ) for AZ31B Mg alloy in composite solutions of MgSO 4 -Mg(NO 3 ) 2 with different volume ratios are summarized in Table 1 . The corrosion product lm formed on the metal surface during open-circuit immersion may lead to spontaneous passivation of magnesium alloy and also responsible for the shi of E ocp and E act to a positive direction. The deposition of corrosion product on interaction between the electrolyte and metal surface can effectively seals the surface against for further corrosion. As shown in Table 1 
Tafel behavior of additive NaF
Potentiodynamic polarization test is used to explore the passivation effects of NaF on AZ31B alloy in composite solution and the relevant results are presented in Fig. 2 . It is established that, as NaF is introduced to the solution, the corrosion potential (E corr ) shis towards the negative direction and reduces the anodic current densities (I corr ). The cathodic reaction of Mg alloy in aqueous solution produce H 2 and anodic reaction process can attribute to the dissolution of Mg as described in eqn (1) and (2) respectively.
Generally, the lower corrosion current density accompany with the more positive corrosion potential represent better corrosion resistance. 30 However, it is abnormal to found that the I corr rapidly decrease while the E corr gradually shis to a negative direction with NaF in composite solutions. This phenomenon explained by the unique behavior of magnesium which called "negative difference effect". 29, 30 It is clearly seen that the presence of NaF does not change the shape of the cathodic branch, but only has inuence on anodic polarization area (Fig. 2) , revealing that NaF can restrain the anode reaction, belong to typical anodetype inhibitor for AZ31B Mg alloy in such condition.
The values of corrosion potential and corrosion current density obtained by means of extrapolated up the intersection point on the Tafel curve. The tting parameters are compared with composite electrolyte without NaF and summarized in Table 2 . The corrosion current densities decrease sharply when different concentrations of NaF are introduced. Moreover, the corrosion current density of solution containing NaF at concentration exceeded 20 mmol L À1 are obvious lower than without NaF. These results reveal that the reaction of hydrogen corrosion cause some corrosion pits or holes formation on the surface of Mg alloy electrode, 31 which would be covered by MgF 2 sediments of reaction with NaF with Mg 2+ or Mg(OH) 2 that would be further conrm by SEM, FTIR and XPS. 
Weight loss measurement
Weight loss measurement is commonly applied for comparing the self-corrosion rate of metal material in different electrolytes. 
Electrochemical impedance spectroscopy
The Nyquist plots of electrochemical impedance spectroscopy (EIS) of AZ31B Mg alloy acquired at open circuit potential and presented in Fig. 3 along with Zview simulated circuit. The Nyquist plots are characterized by two semicircles at high and medium frequencies, followed by an inductive loop in the lower frequency range. The highly similar shapes suggest that the addition of NaF only changes the properties of corrosion lm and has no impact on the lm formation mechanism. The two semicircular diameters are dened by transfer resistance and electric double layer capacitance, separately. 33, 34 Due to the deposition and dissolution of the corrosion products, bring the inductive loop at lower frequency, these diffusion process called "diffusion admittance". 35 This phenomenon indicates that the change in capacitance on rough surface electrode and its equivalent circuit can represents in CPE. Diameter of the arc of the capacitive reactance gradual increase with the addition of NaF and reaches to a stable stage at C NaF $ 30 mmol L À1 . EIS results could be illustrated as equivalent circuit of [R 1 (CPE 1 Â R 2 ) (CPE 2 Â R 3 )] as shown in inset of Fig. 3 . R 1 is the solution resistance, R 2 is the charge transfer resistance, CPE 1 represents the electric double layer capacitance; R 3 and CPE 2 are the lm resistance and capacitance of the surface passive lm on the anode, respectively. 36 CPE 1 and CPE 2 are the diffusion capacitance caused by irregular oxide lm of alloy surface. CPE 1 is related to contribution from the capacitance of the outer layer and the faradic reaction, CPE 2 comes from the inner layer, while R 2 and R 3 are the respective resistance of the outer and inner layers constituting the surface lm, respectively. The appearance of inductive impedance component L and R 4 suggesting the presence of stripping absorption process of the intermediate products on the surface of the electrode. Its relevant tting results are presented in Table 4 . R 2 increases with the addition of NaF, the largest resistance value (1446 U) appears at concentration of NaF is 30 mmol L À1 , compared with blank electrolyte (376 U). 38 Moreover, the results obtained from EIS plot are well agreed with mass loss measurement. Thus, there is signicant improvement for corrosion resistance of AZ31B alloy in composite solution with NaF. This is likely as F À ion promotes the formation of uorinated salt lm that renes the surface microstructure and enhances the protective effectiveness of the corrosion products.
Galvanostatic discharge
The discharge properties of magnesium alloy are tested in composite solution with different concentration of NaF and can clearly expression via its potential-time curve, which measured by galvanostatic discharge at a constant anodic current density and shown in Fig. 4 . The detail parameters of discharge curves are listed in Table 5 . The surface lm formation process of Mg electrode in aqueous solution consist three stages: lm-grow, lm-expand and lm-breakdown. 39 The thicker lm can protect alloy from further corrosion, but it may aggravate the delayed action. This phenomenon possibly due to the thicker lm requires a high dilatation stress. Thus, it needs a longer time for anodic current ow to the initiate lm breakdown. At the initial phase of discharge process, electrode surface would produce a large number of bubbles, aer several seconds, the discharge voltage gradually reaches to a steady state and the discharge potential apparent changed with the addition of NaF. The discharge potential rst shis towards negative and then gradually increases, moreover, the maximum negative shi value is 190 mV when the concentration of NaF reaches at 30 mmol L À1 . A relatively negative discharge potential of Mg alloy is normally associated with a strong ability to deliver electrons for energy supply. It can be clearly seen in Table 5 , the delayed time is obviously shortened from 2.8 s to 0.7 s at the concentration of 30 mmol L À1 NaF, and the best corrosion resistance also appear at this condition (Section 3.4). It seemingly go against the above mentioned lm-thickening mechanism that delayed time prolonged with the increase of corrosion resistance. In fact, it may be speculated that the accumulation of corrosion products on Mg anode behave as a homogeneous thin lm rather than a coherent passive lm, which can efficiently improve the corrosion resistance and eliminate the delayed action of the anode. The negative shi of potential represents an excellent discharge performance, indicating that the corrosion product lm more easily to breakdown and fall off during the discharge process. This meaningful consequences such as a more negative discharge potential and a fairly short delayed time provide abundant evidences that the MgSO 4 -Mg(NO 3 ) 2 composite electrolyte with 30 mmol L À1 NaF can serve as a suitable solution for Mg-MnO 2 primary batteries.
SEM analyses of the surface lm
The SEM images of AZ31B Mg alloy in composite solution without and with NaF aer immersion for 5 days are shown in Fig. 5a and b, respectively. AZ31B Mg alloy display network-like structure in both solutions, the microcracks occurring on alloy surface may caused by desorption of water during the drying process, which hardly observed in an optical microscope immediately aer withdrawal the samples from solution.
40,41
The surface of electrode is covered by corrosion layer with different degrees of cracks in solution without NaF inhibitor, suggesting that strongly corroded as compared with solution include NaF (30 mmol L À1 ), which exhibits a relatively at and thinner corrosion product lm. Based on the previous study, the thicker lm layer with wider crack openings and larger microcracks which is bad for corrosion resistance and discharge activity. 42 Thus, the thick and dense corrosion products of AZ31B alloy formed in solution (a) may reduce the active electrode area and hinder the discharge process, which results in a decline of the discharge activity and lower the current efficiency of Mg alloy. Moreover, the inferior corrosion resistance is ascribed to its larger microcracks and wider crack openings. As expected, the obtained information from SEM image are highly accordance with the above-mentioned electrochemical properties. Fig. 5b shows that the AZ31B Mg alloy immersed in solution (b) exhibited a similar surface morphology with solution (a), however, obviously reduced the crack openings and smaller microcracks. Consequently, NaF brings a large change in micro- 
FT-IR spectroscopic analysis of the surface lm
In this study, the nature of the corrosion layer is investigated by Fourier transform infrared spectroscopy (FT-IR). The typical FT-IR transmission spectrum at wavenumbers range of 500-4000 cm À1 for AZ31B Mg alloy in composite solution without (a) and with 30 mmol L À1 NaF (b) aer 5 days of immersion are displayed in Fig. 6 . This spectra is analyzed to acquire some valuable information for the effect of NaF on the composition of surface lm. It can be clearly seen in Fig. 6 10, 45 It is interesting to found that the intensity of above groups for AZ31B alloy sample in solution (b) is notably weaker than solution (a). This phenomenon may due to the presence of F À ion affect the content of the other ions at a certain degree. As known, the bands of OH can observed in the range 3770-3400 cm À1 due to its stretching vibrations very sensitive to coordination environment. 46 A characteristic absorption peak at 3700 cm À1 is associated with deposition of amorphous Mg(OH) 2 on the surface of AZ31B Mg alloy. 47 One should note, curve b shows a stronger absorption intensity of Mg(OH) 2 compared with curve a, which may ascribes to the rapid formation process of corrosion lm on the alloy through the additional of NaF. It is necessary to highlight the difference in Fig. 6 , the three additional bands at 1370 cm À1 , 1620 cm À1 and 3160 cm À1 are only visibled in curve b, which indicate the presence of MgF 2 .
48
Compared with standard spectrum, the slight shi of these peaks may caused by the superposition with NO 3 À peaks.
Hence, it is concluded that the addition of NaF change the composition of corrosion lm of Mg alloy, providing a powerful support for its electrochemical properties.
XPS analysis of the surface lm
XPS is used to further study the composition of surface lm deposited on the AZ31B Mg alloy. Fig. 7 presents the O 1s, Mg 2p and F 1s XPS spectras of the alloy surface lm formed in composite electrolyte including NaF (30 mmol L À1 ) with 5 days of immersion. The O 1s spectra shows three peaks, one peak at 533.1 eV is corresponding to the formation of MgSO 4 , while the remaining two peaks at 532.1 eV and 531.2 eV are attributed to the presence of Mg(OH) 2 and MgO. [49] [50] [51] The XPS spectrum of Mg 2p is divided into four peaks at binding energies of 51.5 eV, 51.0 eV, 50.5 eV, and 49.9 eV, corresponding to the existence of MgF 2 , MgSO 4 , MgO and Mg(OH) 2 , respectively. F 1s peak at binding energy of 685.6 eV is identied as MgF 2 .
52 It is concluded that the mainly composition of corrosion product adhesion at alloy surface are Mg(OH) 2 , MgO, MgF 2 which are well consistent with FT-IR results.
Conclusions
In summary, electrochemical and corrosion behavior of AZ31B magnesium alloy have been investigated using electrochemical methods in composite solution of MgSO 4 
